Any bilayer lipid membrane can support a membrane voltage. The combination of optical perturbation and optical readout of membrane voltage opens the door to studies of electrophysiology in a huge variety of systems previously inaccessible to electrode-based measurements. Yet, the application of optogenetic electrophysiology requires careful reconsideration of the fundamentals of bioelectricity. Rules of thumb appropriate for neuroscience and cardiology may not apply in systems with dramatically different sizes, lipid compositions, charge carriers, or protein machinery. Optogenetic tools are not electrodes; thus, optical and electrode-based measurements have different quirks. Here we review the fundamental aspects of bioelectricity with the aim of laying a conceptual framework for all-optical electrophysiology. 
INTRODUCTION
Bioelectric phenomena are ubiquitous. Lipid membranes are insulators bathed in a conducting milieu. Any lipid membrane can, in principle, support a transmembrane electric field and thus a voltage difference between its faces. The electric field tugs on charges in the membrane; these charges may be in lipid head groups, transmembrane proteins, or membrane-embedded redox molecules. Membrane voltage modulates the free-energy landscape of all molecules associated with the membrane. Any statement about the kinetics or thermodynamics of a membrane-associated process must specify the membrane voltage.
This simple fact has wondrous and far-reaching implications. The importance of membrane voltage is well appreciated in neurons and cardiomyocytes, both of which produce fast and largeamplitude electrical spikes. But the association of electrophysiology with these two cell types is also partly a consequence of how we measure membrane voltage. For electrode-based measurements the cell must be mechanically accessible, nonmotile, and large enough to impale. Patch clamp connections tend to degrade over time, so fast spikes are easier to measure than long-term shifts in baseline voltage. Many membrane-bound structures are inconvenient or impractical to measure with electrodes and thus have been little studied from an electrophysiological perspective. Examples are membrane-enveloped viruses (24) , cellular organelles [mitochondria (44) , nuclear membrane (53) , endoplasmic reticulum (76) , and the many types of intracellular vesicles], microorganisms [bacteria (21, 47, 51) , yeast (32) ], motile cells [sperm (45) , amoeboid slime molds (60) , immune cells (13) ], cells with a cell wall [plants (91) and fungi (79) ], and tissues undergoing morphogenesis [developing embryos (85) , healing wounds (64) ]. The limited experimental data available suggest that in most of these systems, voltage is dynamically regulated. Yet our ability to explore the role of voltage has, until recently, been constrained by available tools.
With the advent of new optical approaches for measuring and perturbing membrane voltage, we argue that the time has come for a renaissance in the study of bioelectricity in these "unconventional" systems. In embarking on such a study, one must reexamine the fundamental tenets of electrophysiology in the context of different physical parameters: Well-established intuitions appropriate for neuronal electrophysiology might not apply to systems with dramatically different sizes (see sidebar, Electrophysiology in Small Systems), lipid compositions, ionic environments,
ELECTROPHYSIOLOGY IN SMALL SYSTEMS
Optical voltage measurements could be applied to vesicles (endocytic or secretory), lipid-enveloped viruses, and bacteria. An indication of the surprises waiting in this domain comes from optical measurements of membrane voltage in bacteria. Escherichia coli expressing a proteorhodopsin-based optical voltage indicator (PROPS) showed diverse electrical spiking behaviors that responded sensitively to ionic and pharmacological perturbations (47) .
However, electrophysiology in prokaryotes likely differs from that in eukaryotes. The membrane capacitance of a bacterium is between 10 −14 and 10 −13 F (assuming a specific capacitance of 1 μF/cm 2 and typical bacterial dimensions). A single ion channel opening with a conductivity of 100 pS can alter the membrane potential with a time constant of 10 −3 -10 −4 s. In contrast, neurons only fire through the concerted action of a large number of ion channels.
Additionally, because of their small volume, prokaryotes have a less robust ionic composition than do eukaryotes. A bacterium with a volume of 1 fL and a cytoplasmic Na + concentration of 10 mM contains only ∼10 7 atoms of Na + . A single ion channel passing a current of 2 pA can deplete this store in less than 1 s. Finally, the number of channels of any particular type might be countably small. Stochastic insertion or degradation events or posttranslational modifications might qualitatively change the electrophysiological state of a cell. These simple estimates show that one may need to rethink many of the tenets of neuronal electrophysiology in the context of prokaryotes.
and/or protein machinery. One can expect a variety of new phenomena to arise in the context of unconventional electrophysiology.
Technical aspects of optical electrophysiology also differ from conventional patch clamp in several subtle but critically important ways. In whole-cell patch clamp, the patch pipette provides a near infinite reservoir in diffusive contact with the cytoplasm. Dialysis of cellular contents can suppress naturally occurring changes in cytoplasmic composition. In contrast, the cell membrane remains intact in optogenetic electrophysiology, so natural compositional fluctuations are preserved. In addition, current injection from the patch pipette does little to directly influence cellular composition in patch clamp electrophysiology, whereas for optogenetic currents, each ionic species must individually achieve mass balance across the cell membrane. Endogenous cotransporters and antiporters can lead to surprising couplings of the optogenetically pumped ion to fluxes of other "bystander" ions.
Patch clamp and optical electrophysiology are fundamentally different in that they measure different things: Patch clamp reports the total voltage drop across the membrane and its associated double layers, whereas optical probes sense local intramembrane electric fields. These two quantities are related but not identical. Membranes can have strong internal electric fields generated by asymmetries in ionic environment or lipid composition. These electric fields do not contribute to the membrane potential as measured by patch clamp, but they can strongly influence membrane permeability and the conformations of transmembrane proteins. One must remember that the electrostatic potential profile across the membrane cannot be described by a single number; patch clamp and optical techniques report different aspects of the complex potential profile.
In this review, we address three questions: What generates membrane voltage? How does membrane voltage affect processes in the membrane? What are the challenges and opportunities of optical versus electrode-based electrophysiology? As the literature on electrical measurements in unconventional systems spans more than a century and is too vast and scattered to review in depth, we instead highlight a few measurements that illustrate important biophysical principles. Some of this material is discussed in older literature and textbooks (41, 55) , but it merits reexamination in light of improved technology. Our primary purpose is to encourage the reader to contemplate the role of membrane voltage in her or his favorite system.
WHAT GENERATES MEMBRANE VOLTAGE?
Membranes can contain diverse ion channels, exchangers, pumps, and redox molecules. How does one calculate the membrane voltage? Or, of more concern to the experimentalist, what do measurements of membrane voltage and its susceptibility to ionic and pharmacological perturbations teach us about the transporters in the membrane? The Nernst and Goldman equations as typically taught in introductory neurobiology classes encompass only a limited subset of biologically important scenarios. To understand the full diversity of bioelectric phenomena, we must return to the basics.
To illustrate the need for a more general approach, let us consider the mitochondrial membrane potential, which has been indirectly inferred to be in the range of −150 to −190 mV (63, 68) . None of the major ions in mitochondria (H + , K + , Na + , Ca 2+ ) has a concentration gradient strong enough to generate a Nernst potential of −150 mV. Application of the Goldman equation does not help because the Goldman equation always predicts a membrane voltage that lies between the Nernst potentials of the individual ions. Furthermore, mitochondria contain ion pumps, ion exchangers, redox couples, and metabolite carriers (68) . The associated charge fluxes clearly contribute to the membrane voltage, but the Nernst and Goldman equations as usually written do not accommodate these types of electric currents. Tables 1 and 2 show seven physical processes that can generate a membrane voltage, several of which are often at play simultaneously. We classify these processes into those that occur at thermal equilibrium and those that require a nonequilibrium steady state. Membrane voltages at thermal equilibrium can persist indefinitely, even in the absence of metabolic input (except for the gradual dissipation of ion concentration gradients resulting from leakage through the membrane). In the nonequilibrium scenarios, active ion pumps or exchangers are needed to maintain the concentration gradients that lead to the voltage. For a lucid discussion of some of these mechanisms, the reader is referred to Reference 41.
Membrane Voltage at Thermal Equilibrium
Consider an arbitrary charge-transfer process across a membrane. For the moment, let us restrict our discussion to a single concerted reaction for which membrane voltage influences the reaction rate. Thermal equilibrium occurs when the voltage is such that the forward and reverse rates are equal. The net transport of charge across the membrane is then zero, and the net transport of each species is also zero. Basic thermodynamics tells us that the membrane potential at thermal equilibrium is
where V 0 is the membrane potential that would exist if all species were in their standard states (1 M activity, 25
• C), z is the number of positive charges transferred from the inside to the outside per reaction cycle, F is the Faraday constant (the electric charge of one mole of protons), and Q is the reaction quotient (product concentrations raised to their stoichiometric coefficients and multiplied, divided by reactant concentrations, raised to their stoichiometric coefficients and multiplied). (In the electrochemistry literature, the sign on the second term is reversed because one is usually dealing with electrons; here we consider positively charged ions.) At room temperature (22
• C) and z = 1, Equation 1 implies a decrease in V of 58.6 mV for every tenfold decrease in Q. Although Equation 1 is familiar to any student of introductory electrochemistry, its implications for bioelectricity are often underappreciated.
Nernst. In the simplest case, a membrane is solely permeable to a single ion. For instance, the reaction could be K 
Thermal equilibrium is reached when the electrostatic driving force is just strong enough to counteract the tendency of K + ions to diffuse from a high concentration to a low concentration. (27) , some plant cells (Acetabularia mediterranea) (73) At the steady state, the net flux of charge is zero, and the net flux of each ion is also zero. The steady-state voltage depends on the i-V relationship of each charge transporter, which in turn depends on the detailed molecular mechanism. For each species, the route into the cell may differ from the route out of it, so detailed balance is not preserved. These voltages require a continuous input of energy. Each reaction scheme is described in detail in the main text.
ClC-ec1 (1). These proteins couple H + export with Cl − import, resulting in a net export of two charge units. The mammalian ClC antiporters reside in intracellular acidifying membranes, whereas ClC-ec1 regulates response to extreme acidity in Escherichia coli (40) .
Many other electrogenic transporters have been characterized in detail. The E. coli antiporter NhaA exchanges two H + ions for one Na + ion and is important for maintaining a low intracellular sodium concentration in this species (86) . Mammalian sodium-calcium exchangers (NCX) couple the export of one Ca 2+ ion with the import of three Na + ions; these transporters are important in maintaining low basal concentrations of Ca 2+ in neurons and cardiomyocytes (6) . Mitochondria have several electrogenic inner membrane cotransporters: the ATP/ADP exchanger (adenine nucleotide translocator, ANT), the aspartate/glutamate carrier (AGC), and the mitochondrial sodium/calcium exchanger (NCLX) (68) . Mitochondria also contain electrogenic transporters of single ions: the calcium uniporter (MCU) and the proton-conducting uncoupling proteins (UCP).
How does one calculate equilibrium membrane voltage for an electrogenic exchanger? Which way will the exchanger run for a specified membrane voltage and set of ion concentrations? Let us consider the example of the NCX. The reaction is
The net charge transfer is z = −1 (one positive charge is imported), and there are no chemical transformations or redox reactions, so V 0 = 0. Thus, the reaction quotient is as follows:
One can split the term ln Q in Equation 1 into a sodium-dependent part and a calcium-dependent part, each of which contains the expression for the Nernst potential of only that ion. Thus, V in−out = (3V Na + − 2V Ca 2+ ), where V Na + and V Ca 2+ are the Nernst potentials of the sodium and calcium ions, respectively. Note that this formula differs from the Goldman equation discussed below, which corresponds to a nonequilibrium situation with independent transport of multiple ions.
Electroneutral exchangers (z = 0) cannot support an equilibrium membrane voltage on their own. For instance, the mammalian Na-K-Cl cotransporters NKCC1 and NKCC2 import Na + , K + , and Cl − in a 1:1:2 stoichiometry and thus transport no net charge (33) . However, by modifying the current-voltage relations of the individual ions, these exchangers can influence nonequilibrium voltages (see below). The NKCC cotransporters are found in many mammalian tissues, in which they play an important role in regulating osmotic balance. Many of the mitochondrial transporters are also electroneutral. For example, the P i /H + carrier (P i C) catalyzes the following reaction:
Redox. Transmembrane electron transfer is well known as a critical aspect of metabolism. Mitochondria and prokaryotes use transmembrane redox reactions to convert chemical energy into a membrane voltage, which in turn provides part of the proton-motive force that powers the ATP synthase. Chloroplasts use solar energy to achieve a similar outcome. Yet transmembrane redox processes have also been detected in plasma membranes and intracellular organelles, often playing unanticipated roles. We speculate that redox reactions in membranes are more widespread than is currently thought.
Cells use plasma membrane electron transport (PMET) to maintain redox homeostasis (in some plant cells), defend against pathogens (in immune cells), and regulate growth (19) . For a review of PMET in mammalian cells, the reader is referred to Reference 69. The best-documented example of mammalian PMET occurs in phagocytes, in which a nicotinamide adenine dinucleotide phosphate (NADPH) oxidase mediates transmembrane electron transfer to form superoxide, which kills pathogens (4, 71) . The reaction is as follows:
This reaction is electrogenic and has been measured to have an equilibrium potential of V ≈ +190 mV (20) . Here, z = −2 (two electrons exit the cell).
The thermodynamic analysis of transmembrane electron transfer begins, again, with Equation 1. The key new feature is that electrons do not exist in free solution, only bound in molecules. Thus there can be an energy difference associated with a change in the quantum state of the electron between reactants and products. This fact introduces a nonzero value for V 0 in Equation 1. The standard reduction potential for NADP + + H + + 2e − → NADPH is −320 mV (using the biochemical standard state of pH 7) (11), and the standard reduction potential for (94) . Thus, the standard cell potential, V 0 , is equal to +160 mV. The equilibrium membrane voltage is given by the following equation:
. Electron transport across the plasma membrane has also been reported in liver cells (90), erythrocytes (84), insulin-secreting pancreatic beta cells (31) , and the plasma membranes of some plants (thoroughly reviewed in 72). Transmembrane electron transport also occurs in subcellular compartments. For instance, cytochrome b561 mediates electron transfer across catecholamine secretory vesicles for the purpose of reducing dopamine to noradrenaline (81) . To our knowledge, it is not known whether PMET occurs in canonically active cells such as neurons and cardiomyocytes, or whether glia use it for maintaining redox homeostasis in the brain.
Inside the cell, [NADPH] [NADP

Ion transfer coupled to a chemical reaction.
Ion transfer coupled to a chemical reaction that does not involve transmembrane electron transport requires a slightly different analysis. The paradigmatic example is the F 0 F 1 ATPase, which imports 8 to 14 protons and synthesizes three molecules of ATP from ADP and P i in the process (62) . What determines whether the F 0 F 1 ATP synthase consumes ATP and exports protons or generates ATP and imports protons? The reaction involved is as follows:
where n is typically between 3 and 4. For simplicity, let us assume n = 4, in which case z = −4. V 0 is determined by the synthesis of ATP, from the equation
, where r G 0 = 30.5 kJ/mol is the standard free energy of reaction for ADP + P i → ATP (note that this quantity depends on the concentration of Mg 2+ and the pH). Thus V ATP 0 ≈ −80 mV. The reaction quotient is
This expression simplifies upon expanding the logarithm to obtain the following equation:
The pH gradient ranges from 0. ≈ −70 mV. For V < V eq , the F 0 F 1 ATP synthase imports protons and produces ATP; for V > V eq , the enzyme exports protons and consumes ATP. As one would hope, the measured membrane voltages imply that mitochondria usually produce ATP.
A similar analysis can be applied to the Na + /K + ATPase, which maintains the sodium and potassium concentration gradients needed to sustain electrical activity in neurons and cardiomyocytes. The reaction for this protein is
As with the ATP synthase, we can estimate how close to thermal equilibrium this enzyme typically operates. Here, z = 1, so V Reference 78) . In a mammalian neuron, we have V Na = 56 mV and V K = −102 mV. Combining these numbers yields V eq in−out = −95 to −125 mV. For V > V eq , the Na + /K + ATPase hydrolyzes ATP, pumps Na + ions out of the cell, and pumps K + ions into the cell; for V < V eq , the enzyme uses ion concentration gradients to synthesize ATP. Neurons typically have a resting potential near −70 mV. If the resting potential were too close to the reversal potential, then this reaction would proceed too slowly to compensate for the slight Na + influx and K + efflux of that accompany each action potential. The membrane potentials with the largest magnitude are found in some plants and fungi, in which the voltage can approach −300 mV (74) . Our thermodynamic analysis above shows that the Na + /K + ATPase cannot possibly be responsible for this voltage. Rather, these extreme voltages largely result from the activity of electrogenic ATP-powered proton pumps, which drive the reaction H (80) . Thermodynamic considerations provide a firm bound on the membrane voltage. Under basal physiological conditions (not the thermodynamic standard state), the free energy of ATP hydrolysis is r G ≈ −45 kJ/mol. The greatest voltage is obtained for export of a monovalent ion, i.e., when z = 1. The pH difference across the membrane is small, so V max ≈ −460 mV. Because their membrane voltages are large, the first quantitative measures of bioelectrical phenomena were obtained from the leaves of the Venus flytrap, Dionaea muscipula, in 1872 (75) . Action potentials were later discovered in the aquatic plant Nitella and measured using extracellular electrodes (38) .
Donnan.
In some cells, the membrane is permeable to all ions except one, often a large polyanion such as DNA or RNA. This situation applies to the nuclear envelope (53), vertebrate skeletal muscle (36) , and possibly viral capsids (88). Entropy favors a uniform distribution of the mobile ions, but electrostatics requires an excess of mobile cations inside the membrane to offset the charge of the impermeable polyanions. The competition between entropy and electrostatics leads to a membrane voltage.
Let us consider the simple case of a polyanion, N −w , with a charge of −w, and a simple salt, KCl, where both the K + ions and the Cl − ions can freely permeate the membrane. Each permeable ion achieves a concentration ratio given by the Nernst equation (Equation 2):
.
3.
We further require overall charge neutrality in the region with the polyanion, so
Finally, the concentrations on the outside are usually clamped by connection to a large reservoir:
, and V to find
As an example, we estimate the Donnan potential of the human nuclear envelope. We approximate the nucleus as a sphere with a diameter of 6 μm. Each of the 6 × 10 9 base pairs in a diploid cell has two anionic phosphate groups, so the concentration of these anions is approximately 200 mM. The ionic strength of cytoplasm, which determines the concentration of mobile charges, is similar; C 0 ≈ 150 mM. If DNA were the only membrane-impermeable species, then the Donnan potential of the nuclear envelope would be approximately −36 mV. However, DNA is wrapped with positively charged histones, which significantly decrease the mean charge density in the nucleus. Measurements of the nuclear membrane potential give a value of approximately −15 mV (48, 53) . The possibility of a Donnan potential in viral capsids has been considered theoretically, but this potential has never been measured experimentally (88).
Donnan potentials can also arise in the absence of a membrane. Simply having a cross-linked ionic hydrogel, such as cartilage, is sufficient. At physiological pH, the proteins that make up cartilage are predominantly negatively charged and have a charge density of approximately 200 mM (50) . Thus, at physiological ionic strength (C 0 ≈ 150 mM), the Donnan potential of cartilage is approximately −36 mV. As the ionic strength of the solution decreases, its Donnan potential increases.
Nonequilibrium Membrane Voltages
We have now discussed several diverse sources of membrane voltage at thermal equilibrium. But, equilibrium is death; most biologically interesting systems are far from equilibrium. To create a nonequilibrium situation, one need only establish in the same membrane two independent
We were able to calculate equilibrium membrane voltages on the basis of thermodynamic principles alone, without accounting for the microscopic details of the charge transport processes. For the nonequilibrium systems, however, we are not so lucky. Analyses of these systems require microscopic models of their dynamics and are therefore, by necessity, approximate.
Goldman. When a membrane is permeable to more than one ion, each ion can have a nonzero transmembrane flux, provided that the net electric current summed over all ions is zero. Mass balance for each ion is achieved by invoking active transporters that counteract the passive flux but that do not otherwise appear in the analysis. If one knows how the current for each species varies as the voltage deviates from the equilibrium value for that species, then one can find the voltage at which the net current is zero.
In the most trivial nonequilibrium model, one might assume that the current for each ion grows linearly as the voltage deviates from its equilibrium value, i.e., i j = σ j (V − V j ), where σ j is the conductance for species j and V j is its Nernst potential. The requirement of no net current is as follows: j i j = 0. In this model, the steady state voltage is simply a weighted average of the Nernst potentials of each ion, just as we found for the case of concerted cotransport:
It is an experimental fact that many ion channels show asymmetric current-voltage relations with greater apparent conductivity when the current draws ions from the side of the membrane with higher concentration. This asymmetry is often referred to as rectification. Goldman, Hodgkin, and Katz created a simple model for nonequilibrium ionic transport that reproduces this rectification behavior. The derivation is given in many textbooks (e.g., 41) and is therefore not repeated here. For a voltage dominated by monovalent ions, the Goldman-Hodgkin-Katz equation for the steady-state voltage is
where μ i is the ionic permeability for species i. To preserve the steady-state ionic concentrations, we invoke a metabolically powered pump or exchanger. In neurons, this exchanger is predominantly the Na + /K + ATPase, but the Goldman analysis ignores the electrogenic nature of the Na + /K + ATPase. The impact of optogenetically actuated ion channels (e.g., channelrhodopsins) on membrane voltage can be understood in the context of the Goldman equation. Illumination of channelrhodopsin introduces an additional conductance. The impact of this conductance on voltage depends on both intracellular and extracellular ionic conditions, as well as the other endogenous membrane conductances. Depending upon the capacities of endogenous pumps and ion-exchange mechanisms, steady-state activation of a large optogenetic current may also significantly perturb intracellular ion concentrations.
Goldman with a pump. We have seen that when electrogenic charge transport is coupled to a chemical reaction, the V 0 term in Equation 1 can be significantly larger than the concentrationdependent term. In this case, the equilibrium membrane potential can exceed the diffusion potential of any ion (Equation 2). One often finds an electrogenic chemical reaction occurring in parallel with several diffusive charge-transport processes. The voltage in this scenario can be estimated from a revision of the Goldman equation to include a current source.
In the presence of a pump, the sum of the passive electric currents is not zero, but rather j i j = −i pump . If one assumes the same ion channel model that led to the Goldman equation, then the membrane voltage in the presence of a current source is
where J pump is the current density of the current source. Of course, if J pump is produced by a chemically or optically powered protein (as opposed to a patch pipette) then J pump depends on V.
There will exist a so-called stall voltage, at which the value of J pump goes to zero. However, when the pump is operated far from equilibrium, the voltage dependence of J pump can often be ignored.
Together, electrogenic pumps and passive diffusion determine the membrane voltage in mitochondria (V = −150 mV to −190 mV) (63, 68) , E. coli (V = −140 mV to −80 mV) (23), neutrophils (3), and mast cells (9) . In mitochondria and E. coli, oxidative phosphorylation produces an electrogenic proton current, whereas in mammalian plasma membranes, the most significant electrogenic pump is typically the Na + /K + ATPase (which pumps 3 Na + ions out of the cell and pumps 2 K + into it). Equation 7 can also be used to model membrane voltage when the electrogenic pump is powered by a photochemical reaction, as occurs in chloroplasts and in membranes containing microbial rhodopsin charge pumps (e.g., halorhodopsin, archaerhodopsin).
WHY DOES MEMBRANE VOLTAGE MATTER?
Membrane voltage influences every membrane process that involves charge movement. Figure 1 illustrates some examples. In each case, the ratio of the population on the left to the population on the right is given by a Boltzmann distribution: where q is the amount of charge that moves between the two states, V is the voltage difference through which the charge moves, k B is Boltzmann's constant, and T is the absolute temperature. The best-known example of voltage regulation is the gating of voltage-dependent ion channels (Figure 1a) . These channels are famous for their role in neurons, but bacteria also contain sodium channels, inward-rectifier potassium channels, and voltage-gated potassium channels (7, 25) , although their biological functions are largely unknown (52) . Ion channels have been comparatively easy to characterize because a voltage-induced conformational change results in a change in the ionic current that can be directly measured with an electrode.
However, the role of voltage goes further. Every membrane-bound enzyme, receptor, or transporter experiences conformational stresses as a result of membrane voltage pulling on its charged amino acids. If the protein has multiple conformational states, the balance between these states is given by Equation 8. Thus, voltage may regulate the activity of the protein, but conventional electrode-based measurements may be unable to detect its influence (Figure 1b) . The best-known example of this phenomenon is the voltage-sensitive phosphatase from Ciona intestinalis, Ci-VSP (61). The voltage-dependent activity of this protein was only demonstrated by coupling its enzymatic activity to the activation of other ion channels. Unfortunately, this trick does not generalize, so the challenge of identifying cryptic voltage-sensitive transmembrane proteins remains unsolved. However, the default assumption should be that any transmembrane protein is affected by membrane voltage; the only question is about the size of the effect for physiological voltage swings.
Membrane voltage can also strongly influence binding interactions in proteins with ligand or ion binding sites within the membrane (Figure 1c) . For instance, changes in membrane voltage can tune the acid-base equilibria of titratable groups on the inner segments of transmembrane proteins. This fact is the basis for microbial rhodopsin-based voltage indicators, which undergo large voltage-dependent shifts in absorption and fluorescence properties (46, 47, 49) . These shifts have been explained by electrical regulation of the acid-base equilibrium of a Schiff base in the protein core. Multiply charged ligands can be even more sensitive to membrane voltage. Binding of ATP in the family of ATP binding cassette (ABC) transporters is not likely to be sensitive to membrane voltage because the ATP-binding domains of these proteins are well outside the membrane. But ligand binding in G protein-coupled receptors (GPCRs) often happens deep in the protein (29) and thus is plausibly susceptible to membrane voltage.
Membrane voltage regulates transport of membrane-permeable charged species, even in the absence of specific protein transporters (Figure 1d) . Researchers have speculated that most cells have a negative membrane voltage to facilitate accumulation and retention of amino acids (34) . Bacteria are exposed to a wide range of charged amphiphiles, including bile salts and fatty acids in the intestine, as well as to many drugs and antibiotics. The negative membrane voltage causes cationic amphiphiles to accumulate in the cytoplasm. Mitochondria also act as concentrators of cationic amphiphiles on account of the strongly negative mitochondrial inner membrane voltage. The equilibrium ratio of intracellular to extracellular concentrations is given by Equation 8. Membrane voltage can also influence the distribution of charged amphiphiles within the membrane, e.g., by causing lipids to redistribute in a potential-dependent way (Figure 1e) .
For a membrane voltage of −120 to −180 mV, the equilibrium concentration of cationic species is 100-1,000-fold higher inside the cell than outside it. This fact presents a serious challenge for bacteria: To prevent buildup of toxic cationic compounds, bacteria have evolved a range of cationic export machinery. E. coli contain seven distinct efflux systems to combat cationic accumulation (83) . Negative membrane voltages present an energetic barrier to efflux of cationic contaminants. One plausible explanation for the electrical spiking observed in E. coli is that spikes temporarily remove this electrostatic barrier, facilitating rapid cation efflux. Indeed, pulsatile efflux of a cationic dye was observed to accompany spikes in bacterial membrane potential (47).
Thus, bacteria may time-share their membrane voltage to accomplish tasks requiring different directions of transmembrane charge transport.
Finally, there is evidence that membrane voltage couples directly to the mechanical properties of the membrane, particularly its bending modulus. Theoretical analyses have shown that the bending energy of a membrane increases with its surface charge density (92, 93) . Remarkably, the outer hair cells involved in hearing show a bidirectional electromechanical coupling: Not only does deflection induce a voltage, but changes in membrane voltage also directly induce motion in these cells (10) . Atomic force microscopy (AFM) experiments have also observed small motions associated with synaptic activation; these motions were attributed to changes in osmotic pressure accompanying activity-induced changes in ionic strength (43) . Some researchers have also suggested that vesicle-fusion (100) and endocytosis (99) processes may be influenced by membrane voltage directly through a calcium-independent mechanism.
PATCH CLAMP VERSUS OPTOGENETICS
Optogenetic techniques are now widely used to perturb and to measure membrane voltage in cells. Light-gated sodium and calcium channels (channelrhodopsins and their variants) can depolarize a cell and induce firing (8) . Light-driven pumps [e.g., halorhodopsins (28) and archaerhodopsins (16) ] can hyperpolarize a cell and suppress firing. A palette of genetically encoded voltage indicators can report the response of cells to natural or induced stimuli (2, 65) . One may think of actuators exposed to brief flashes of light with the primary intent of changing neuronal (or cardiac) firing as being roughly equivalent to a patch electrode. Moreover, indicators that are used to count spikes or to measure action potential waveforms are also roughly equivalent to a patch electrode. However, for biophysical studies, there are subtle but important differences between electrode-based and optical electrophysiology.
Perturbing Membrane Voltage
Whole-cell patch clamp fixes the intracellular concentrations of all ions and small molecules at the concentrations contained in the patch pipette filling solution. To estimate the time required for cytoplasmic components to equilibrate with a pipette, consider diffusion of a typical small molecule with a diffusion coefficient D = 200 μm 2 /s. To diffuse across a cell body with diameter d = 20 μm requires a time t D ≈ d 2 /2D = 1 s. This crude estimate is modified somewhat by the fact that the patch orifice is small compared with the size of the cell, but the d 2 /D scaling is robust. Thus, if one is studying the response of a neuron to an extended period of activity or to pharmacological perturbations, dialysis of intracellular contents can perturb the results. These perturbations can be particularly significant for long-term measurements or for measurements on small structures. Indeed, after making a patch clamp connection to a cell, it is quite difficult to remove the pipette while keeping the cell alive and to return to the cell on a subsequent day. Cell-attached and perforated patch clamp measurements perturb intracellular contents less than do other techniques, but these techniques are technically demanding and have poorer quality of electrical access.
In contrast, optogenetic approaches preserve the integrity of the cell membrane and thereby maintain endogenous small-molecule and ion dynamics. In their inactive state, optogenetic actuators do not perturb the cytoplasmic content. But when active, these proteins can perturb ionic concentrations in ways that patch clamp does not. An optogenetic actuator injects ions of a type determined by the protein's ionic selectivity, whereas a patch pipette injects ions determined by the composition of the filling solution. Simply matching steady-state currents does not make optogenetic actuators and patch clamp equivalent. Optogenetically pumped ions can reach a steady 
Ca 2+ channels z = -2
Figure 2
Coupled ion-transport processes interact with optogenetic perturbations. This example shows a series of coupled processes necessary to achieve mass and charge balance for actuation of a light-gated proton pump. Abbreviations: Arch, Archaerhodopsin 3; NCX, Na + /Ca 2+ electrogenic exchanger; NHE, Na + /H + exchanger.
state only by returning to their compartment of origin through another channel or transporter. For example, a light-driven inward chloride pump, halorhodopsin (eNpHR), has been shown to increase local chloride concentrations sufficiently to change the ion's equilibrium potential. This change shifted the reversal potential of γ-aminobutyric acid (GABA) channels (70) .
The effects of other optogenetic actuators can be more subtle. We take as an example Archaerhodopsin 3 (Arch), which generates an outward membrane current, j pump ≈ 10 pA/pF, that is nearly insensitive to membrane voltage over the physiological range (16) . Under steady-state conditions, this outward current must be balanced by an equal inward proton current. The change in cytoplasmic pH depends on the native permeability of the membrane to protons: If the membrane is highly permeable, the change in pH will be small. Consistent with a large basal proton permeability, Arch-induced changes in pH have been reported to be small (16) .
This phenomenon, however, is not the end of the story. Because mammalian neurons transport protons primarily via the Na + /H + exchanger (NHE) (98) , protons returning to the cell cause Na + to exit. Furthermore, Na + efflux is offset by means of the Na + /Ca 2+ electrogenic exchanger (NCX). Finally, Ca 2+ mass balance is achieved through endogenous calcium channels. Figure 2 shows a plausible set of coupled transport processes that achieve charge and mass balance for each species. This example shows that one must carefully consider downstream ionic perturbations induced by an optogenetic actuator.
Measuring Membrane Voltage
Optical tools are now also being developed to measure membrane voltage. Significant recent advances have been made in the development of genetically encoded voltage indicators (14, 42, 46) and voltage-sensitive dyes (58, 96) . However, one must exercise caution in interpreting data from these optical tools as though they were patch clamp measurements: Different tools have different quirks.
Optical measurements perturb cytoplasmic composition less than do electrical measurements. However, phototoxicity can be a concern, as can the displacement or disruption of endogenous ion channels by the reporters. Every optical voltage sensor must contain some charge that moves in response to changes in membrane voltage. This mobile charge contributes to increased membrane capacitance, which can distort or even suppress action potential waveforms. Capacitive loading is small in rhodopsin-based protein indicators (49) and molecular wire-based organic dyes (58) but is significant in some hybrid protein/small molecule voltage sensors (15) . Contributions to the electrical potential profile in a membrane. Charged and dipolar lipid headgroups create a surface potential and a dipole potential, respectively. If either of these quantities is asymmetric across the lipid bilayer, then an electric field may permeate the membrane. This internally generated electric field is undetectable by conventional patch clamp and does not affect equilibrium ionic distributions in the bulk. However, it does act on the conformations of transmembrane proteins and regulates membrane permeability. Adapted with permission from Reference 22.
A more fundamental difference between optical and patch clamp measurements is that they report different physical parameters. Optical indicators sense the local electric field in the membrane, whereas patch clamp measurements report the full voltage drop across the membrane and the surrounding electrical double layers. These two quantities can differ for several reasons.
Close examination of a lipid membrane shows that the electric field is not homogeneous across the membrane. Indeed, many factors besides the membrane potential contribute to the intramembrane electric field: The contributions of these factors explain how the activation thresholds of voltage-gated ion channels could depend on the lipid or ionic environment. For excellent reviews of the potential profiles in lipid membranes, the reader is referred to References 17, 54, and 55. Figure 3 shows a typical electrical potential profile across a lipid membrane. Let us consider the contributions to this profile one at a time.
Surface potential. The surface potential arises from a balance between the tendency of ionizable lipid headgroups to dissociate and the resulting electrostatic attraction between the charged headgroups and their counterions in solution. Most biological membranes contain a mixture of anionic and zwitterionic lipids. For example, the surface potential of a typical mammalian plasma membrane that contains 20% anionic lipids and has an area per lipid headgroup of 60 Å 2 in a 0.1 M salt solution is approximately −60 mV relative to the bulk liquid (55) . The biological implications of this surface potential are discussed in Reference 54.
An asymmetry in the surface potential on opposite sides of a membrane leads to a transmembrane electric field, even in the complete absence of a macroscopically measurable membrane potential. This asymmetry can arise either from differences in the density of anionic lipid headgroups or from differences in the ionic composition of the solutions on opposite sides of the membrane. Monovalent ions (Na + , K + , and Cl − ) act primarily by changing the Debye length, and their effect on surface potential can be accounted for within Guoy-Chapman theory. Divalent and higher-valent cations tend to adsorb to the surface, forming a Stern layer, which decreases the effective surface charge density. Changes in pH can also affect lipid headgroup ionization and, thus, the surface charge density. Lipid asymmetry induces local fields that affect ion channel function in neurons (5) .
Surface potentials can also affect transmembrane ion transport by locally enhancing or depleting ion concentrations. For a −60 mV surface potential, the concentration of singly charged cationic species at the lipid-solution interface is approximately tenfold greater than in the bulk! This change in concentration can affect both the rate at which ions enter the pore of a transporter or channel and the rates at which small molecules or drugs bind to target receptors in the membrane.
Dipole potential.
A second contribution to the voltage profile comes from the so-called dipole potential (17) . This potential arises from oriented dipolar headgroups in zwitterionic lipids and cholesterol at the lipid-solution interface. To appreciate the origin of this potential, one can make an analogy to a parallel plate capacitor: In going from the negatively charged plate to the positively charged plate, there is clearly an increase in potential. Now, imagine creating the same charge distribution by lining up many dipoles in a plane, such that all of their plus ends form one charge sheet and their minus ends form another. Identical charge distributions must lead to identical potential profiles.
The dipole potential increases the electrostatic potential inside the membrane. This effect can be quite large: For example, phosphatidylcholine has a dipole potential of 220-280 mV (18) . Cholesterol has been shown to increase the dipole potential and thereby to affect charge-transfer rates in the photosynthetic reaction center of Rhodobacter sphaeroides (67) . Similar to the surface potential, asymmetry in the dipole potential can generate an intramembrane electric field. Thus, if one face of the membrane contains more dipolar species than the opposing face, there will be an electric field in the membrane even in the absence of a macroscopically measurable membrane potential.
Which parameter is correct-the local field or global potential? The answer depends on the process being studied. The equilibrium distribution of ions between the bulk phases depends only on the global potential difference. In contrast, conformational changes in transmembrane proteins depend on the local electric field. Interactions of soluble ions with transmembrane proteins are sensitive to the potential profile in the double layer and in the membrane. Thus, one should not anticipate perfect correspondence between optical and electrode-based voltage measurements. Indeed, differences between local field and global potential have been observed using organic voltage-sensitive dyes, and these differences may be a means by which neurons generate spatially varying thresholds for ion channel activation (5, 95) . Internally generated membrane fields change slowly compared with the timescale of an action potential, making them difficult to detect with reporters of relative voltage. Reporters of absolute voltage promise to elucidate mechanisms by which cells regulate intramembrane electric fields.
THE FUTURE OF OPTICAL ELECTROPHYSIOLOGY
Although one can measure temperature and pH using physical electrodes, fluorescent molecular reporters are often more convenient (57, 97) . Similarly, fluorescent molecular reporters facilitate noninvasive studies of membrane voltage in a dynamic cellular and organismal context. The recent progress in the development of small-molecule and genetically encoded voltage reporters suggests that optical electrophysiology measurements will become routine in the near future.
Unfortunately, brighter, faster, more sensitive voltage indicators will not solve all of the challenges associated with optical electrophysiology. To accommodate the tremendous diversity of bioelectric phenomena, we must develop new classes of voltage indicators that contain novel molecular logic. Here, we illustrate three types of molecular logic that are needed.
Reporters of Absolute Voltage
Although most electrophysiology focuses on measuring rapid spikes in membrane voltage, slow shifts in baseline may be equally important. Baseline shifts are likely to regulate membrane transport and signaling and are hypothesized to be important in processes such as embryonic development (85) and wound healing (64), among others.
Reporters that convert membrane voltage directly into changes in fluorescence are good for detecting fast events such as action potentials. However, these reporters are less useful for measuring absolute numerical voltage values or for quantifying slow shifts in baseline voltage because the intensity measurements are confounded by photobleaching, background fluorescence, and variations in reporter concentration and illumination intensity. Patch clamp recordings can report absolute voltage during short-term measurements but are not sufficiently stable for long-term measurements. Dual-wavelength ratiometric measurements provide some ability to measure absolute voltage (5, 95, 101) , but this approach requires careful calibration of the optical system and can be confounded by differential rates of photobleaching and by spectrally inhomogeneous background fluorescence.
A common strategy for obtaining accurate measurements is to translate a quantity such as voltage into the time domain. One could encode voltage information into a time-domain signal in several ways. For electrochromic organic voltage-sensitive dyes (58, 96) , the lifetime of the electronic excited state likely depends on membrane voltage, allowing one-or two-photon fluorescence lifetime imaging (FLIM) to be a viable approach to absolute voltage measurements. A similar strategy might work for genetically encoded voltage indicators based on circularly permuted green fluorescent protein (GFP) (42) . FLIM will work only if the voltage changes the quantum yield of the electronic excited state, however; this technique will not work if the voltage changes the ground-state absorption spectrum.
Rhodopsin-based voltage indicators offer an alternate strategy to measure absolute voltage. These proteins have a complex topology of optically and thermally driven transitions, several of which are sensitive to voltage. Thus, if one applies a stepwise change in illumination conditions (either in wavelength or intensity), the protein will relax to a new voltage-and illuminationdependent photostationary state, and in some Archaerhodopsin mutants, e.g., Arch(D95H), the kinetics of this relaxation depend on membrane voltage. The population of the fluorescent state changes during this relaxation, so the dynamics of the transient fluorescence report the absolute membrane voltage. For many microbial rhodopsins, relaxation to a photostationary state occurs over tens to hundreds of milliseconds, so it can be monitored directly by wide-field imaging (39) .
Voltage Integrators and Voltage Samplers
The invention of high-speed voltage indicators created an imaging problem: The moment an action potential finishes, the accompanying fluorescence signal disappears. Thus, unless one is looking at the neuron when it fires, one misses the event. As a mouse brain contains ∼7.5 × 10 7 neurons, there is no way to image all of them with sufficient temporal and spatial resolution to record their activity, even using the best voltage indicator conceivable. Neural recording www.annualreviews.org • Bringing Bioelectricity to Lightrequires a data rate of at least 1 kHz. Whole-brain recording therefore requires a data rate of ∼10 11 bytes/s, which is well beyond the capability of any imaging system. Furthermore, optical scattering prevents real-time optical access to brain regions deeper than ∼1 mm below the surface.
An alternate strategy is to separate the encoding of the information from its readout. Suppose one could identify a photochemical reaction for which the reaction rate depended on the membrane voltage. Further suppose that the product was fluorescent and the starting material was not. One could then deliver a flash of diffuse light to the brain, perhaps paired with a stimulus. During the illumination epoch, the rate of photochemical product formation would be proportional to the local neural activity, allowing one to form a permanent photochemical imprint of activity. This imprint could be read out at a later time, either via slower scanning confocal imaging or by fixing the brain and slicing or clarifying the tissue. If one can identify a photochemically reversible reaction with the attributes described above, then one can repeat the process multiple times (provided the readout is not terminal).
Although the aforementioned molecular attributes may seem contrived, rhodopsin proteins can achieve this function (89) . Many rhodopsins show optical bistability: The retinal in these moieties can be optically switched between different isomerization states that do not interconvert in the dark (35, 87) . We have observed that optical interconversion rates in many rhodopsins are sensitive to voltage. Thus, naturally occurring or mildly mutated rhodopsins can serve as light-gated voltage integrators.
A variant on the integrator concept is a light-gated "sample-and-hold." In some rhodopsins, light of a single wavelength can drive both a forward and reverse isomerization process. In the presence of light, there is a fast photostationary equilibrium between the isomerization states that can be voltage dependent. Thus, the protein may act as a conventional fast voltage indicator in the light. However, at the moment the illumination turns off, the distributions become fixed and can therefore be read out at a later time via fluorescence. Such a protein provides an instantaneous snapshot of neural activity at a moment in time.
One can think of these light-gated voltage reporters as providing a view of neural activity orthogonal to that of conventional patch clamp recordings. Patch clamp typically probes a single neuron for an extended time; in contrast, these photochemical techniques probe a large number of neurons-maybe even a complete brain-at a single moment.
CONCLUSION
In this review, we have sought to establish a conceptual framework for optical electrophysiology and to emphasize that electrophysiology and optogenetics are useful tools for everyone, not just neuroscientists. Decades of painstaking work by electrophysiologists and biophysicists have demonstrated a rich diversity of complex interactions of voltage, mechanical forces, ionic currents, and chemical reactions in biological systems. The advent of new optogenetic tools makes it tempting to start prospecting broadly for new bioelectric phenomena, and such prospecting will likely be highly productive. But, amid the bright lights of optical electrophysiology, one should remember that all bioelectric phenomena require careful quantitative analysis and that many fundamental physical mechanisms remain to be elucidated.
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